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CRYSTALLOGRAPHIC NATURE AND FORM^ION 
MECHANISMS OF HIGHLY IRREGULAR STRUCTURE IN 
IMPLANTED AND ANNEALED Si LAYERS 

F. F. KOMAROV, V. S. SOLOV YEV and S. Yu. SH1RYAYEV 
Institute of Applied Physical Problems. Byelorussian State University. Minsk. U.S.S.R. 

(Received January 0. 7979, in final farm April 30. 1979) 

The Mt of ihc structure in (Ml)- and (00 ^orientated S; single cqriubm studied by S^^^V^^^J^ 
He 1 ionsar;»nsrti.«ionclecirondi(Tfaciionbndclcciron microscopy technique* after Ar ,$i and P ion implantation 

on the defortnauon wnning mechanism which is unique for all types of ions. Deformation twinning in .mplantul Uytn 
* induced by the internal iiiom caused by the action of two factors The fat it due to LCllcUv of 

Puritv in be implanted, particularly, to a hli*tcrtn S effect in the case of Ar nonunion. ^^J^j^^ J 
ihc amorphM layer structure i* responsible for the second factor. The role of specimen c ^ u "^^. orunUl,0n 
*cll as the role of implantation temperature in rccrwtallization procewe* of implanted layers are discusww. 



INTRODUCTION 

Ion implantation into Si single crystals is unavoid- 
ably accompanied by the disordering of the 
crystalline structure and the amorphisation of the 
implanted layers at certain conditions. As a rule 
the recovery of the structure after high temperature 
annealing is incomplete that is due to the formation 
of residual defects of high concentration. Among a 
wide range of observed types of residual defects, 
highly irregular structure (HIS) formed in a number 
of cases arc of great importance. They comprise 
microiwins and polycrystalline inclusions of silicon, 
*hich have been already observed. 1 " 3 It is the 
formation of HIS which, in our opinion, determines 
the anomalies in the behavior of the main doping 
imparities, introduced into Si layers after Ar^ 
implantation and annealing*' 5 Gettering proper- 
lies of such layers as regards radiation defects 6 
Aould also be associated with the peculiarities of 
their structure state. 

The literature on the formation of HIS available 
» present is rather unsystematic. The HIS appear- 
ance, as a rule, is noticed as an accompanying 
effect in the studies performed. The most important 
^sults are basically related to the cases of Ar +7 '* 
and Si** ,!0 ion implantation. Specifically, in Ref. 
f?) the authors established the identity of the 
c Wacter of the structure in amorphous St layers, 



prepared by vacuum deposition or SO keV Ar + 
ion implantation and recrystallized on a single- 
crystalline Si substrate. ^ , 

In accordance with the results of Ref. (9) the 
HIS formation may considerably influence the 
recrystallization kinetics of Si layers, amorphized 
by ion implantation. In Ref. (11) the appearance 
and interpretation of microtwin reflections was 
discussed in some detail. In Ref. (12) the formation 
of twins in Si at the interface between irradiated 
and underlying material was reported. 

At the same time the reasons and mechanisms 
for the formation of the anomalously high residual 
disordering have not yet been studied profoundly 
so far. The role of the chemical nature of the 
implanted impurity and that of the sample crystal- 
lography orientation in the HIS formation pro- 
cesses is still unknown. The present paper js 
devoted to studying the problems mentioned above, 
whose solution would allow the experimental data 
on HIS to be systematized. 

2 EXPERIMENTAL PROCEDURE 

The studies were performed on (111)- and (001); 
oriented single crystal Si samples after Ar . Si 
and P* ion implantation and 30 min. annealing a 
800°C in inert atmospheres. The chancllmg effect 
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during implantation was suppressed by disorientat- 
ing the samples in respect of the ion beam at an 
angle of more than 7*. 

Backscattering (BS) of channelled He" ions with 
energies of 1-1 and 1.4 MeV, transmission electron 
diffraction and transmission electron microscopy 
(TED, TEM) techniques under an accelerating 
voltage of 100 kV were used for the analysis of the 
state of the structure in the implanted layers. 
Scanning electron microscopy was also used. The 
procedure for taking the BS spectra is discussed in 
detail in Ref. (13). Thin foils with a thickness of 
-0.2 fjm intended for examinations by an electron 
microscope were prepared by a chemical polishing 
on the side opposite to the bombarded surface. 
Dislocation-type defects were analyzed from the 
electron-microscopic images using a variety of 
diffracting conditions ({220}, {311}, {400}). UJ5 
Controlled removal of layers through anodic 
oxidation and etching was used for the structural 
analysis at large depths. 

3 RESULTS 
3.1 Ar+ Ions 

Implantation of Ar* ions with energies of 60 and 
200 keV in the dose range 5 x 10 1J to 5 x 10 15 
ions/cm 2 was performed at 20 3 C Consider the case 
of implantation into the (1 ll)-oriented 200 keV 
samples. 

Figure la shows the He"" ion energy spectra 
obtained from the samples before and after 
implantation when the analyzing beam was incident 
either along the <lll> crystallographic direction 
(the axial spectra 1 to 5) or in the non-oriented 
direction (spectrum 6). One of the bottom scales 
is the depth scale allowing the BS yield to be 
directly estimated at different distances from the 
sample surface. 

After implantation with the introduction of 
radiation damage the BS yield for the channelled 
beam increases due to the scattering at the defects 
and at a dose of 2.5 x 10 14, ions/cm 2 reaches the 
non-oriented beam yield. This indicates the forma- 
tion of an amorphous layer at a certain depth. A 
further dose increase results in its expansion 
towards the surface and deep inside the target. At 
a dose of 1 x 10 l * ions/cm 2 a continuous amor- 
phous layer is formed. The analysis of BS spectra 
for the implanted samples subjected to annealing 
at 800'C (Figure I b) indicates an anomalously high 
residual disordering in the case when a considerable 
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FIGURE V BS spectra of He* tons from the Si sampi" 
obtained: (a) after Ar* ion implantation with an energy of 
200lceV.Thcimpianution<lo^.fl)S x 10": (2) 2.3 * I0 ,A . 
(3) 7 * I0 U : (4) I * 10'*;. (5) 5 x JO 1 * ions/cnr: (b) after 
implantation and WC annealing for 30 min. Primes at the 
figures indicate an .idditional annealing I £ IU . = 1.4 McV). 



j etched in the 
i ion>/em i . fiO' 
bubble*, reve. 

volume oft 
is highly re- 
after imoia 
ions/cnr a 
-0.2 /.on, i 
ion projec 
ions/cm 2 t 
almost one 
the case o 
under equ: 
negligibly ; 
the implar 
chemical n 
for the hi 
Generatioi 
is characte 
implanted 
Ar* ions « 
by scannin 
conditions 

^anneal. ~~ ' 

faceerosio 
After short 
shaped era 
gas bubblt 
polished $ 
effect upor 
structure v 
samples^ b 
ions/ctn 2 a 
the structi 
single-crys 
retained (i 
In the U 
the bomb 



S13 933 1395 TO 13123214299 



P. 05/M 1 



IMPLANTED AND ANNEALED Si 



171 



«>.-.<;«/ //■-;•/ 



Si >.imr lri 
n cncrc* 

v: (bl jfi fff 
r:mr< at 
z \tevi 




fjGUR E 2 Scanning electronic micrograph or the Si wrtac 
etched in ihs Misthme etcher. The Ar" ion dose is 5 * 10 1 
tai'cm 1 . Wfl-C annealing for 30 mm. Dark spots arc ga* 
1 bubbles, revealed throuch etching. 

volume of the bombarded sample is amorphized. It 
ishiahly remarkable lhat the maximum disordering 
^implantation of doses 2.5 * 10 u to2 x 10 u 
ions/cm 2 and annealing is observed at a depth of 
-0 2 jim. i.e. it practically coincides with the Ar 
ion projected range 16 At a dose of 5 * 10 15 
ions/cm* the degree of the residual disorder is 
almost one order of magnitude higher than that in 
the case of P* ion implantation and annealing 
under equal conditions. 13 The ion masses differ 
negligiblv and the magnitude of the damage after 
ihe implantation is almost the same. Hence* the 
chemical nature of Ar as an impurity is reasonable 
for the high residual disorder of the structure. 
Generation of gas bubbles under certain conditions 
is characteristic of the behaviour of inert gases 
implanted into a crystalline lattice. On implanting 
Ar 4 ions a blistering effect was directly observed 
by scanning electron microscopy in more extreme 
conditionsfD = 5 * 10 16 ions/cm 2 , = 400 C C. 
T *nn«t - 600*C). M Here the characteristic sur- 
fececrosicn of a blistering effect was not discovered. 
After short-time etching ( - 2 sec), however, round- 
*haped craters (Figure 2) representing the traces of 
gas bubbles appear on the surface of the slowly 
Polished specimen. The influence of blistering 
effect upon the character of the recrystallized layer 
structure was determined by TEM technique. The 
fcmplcs bombarded with a dose of 1 x I0 l 
•°ns/cm 2 are the most important since in this case 
structure residual damage is fairly large but 
J ingle-crystalline properties are simultaneously 
Stained (Figure lb). 

In the layers with a depth of 0 to 3000 A from 
lf *e bombarded surface inhomogeneous grained 
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FIGCRE 3 Transmission electron micrographs (») and 
TED-pattern (b) for the (I I D-orienutcd Si samples bombarded 
iSh Ar ' ion* (1 x 10" ions/em*. 200 toVi nfter MO'C 
smnealin« for 50 min (A is the matrix reflection. B .ycflecuon 
caused by second-order twinning. C :» a renceuon or a double 
poMiioningl. 

contrast (Figure 3a) is observed. The TED pattern 
from these layers (Figure 3b) exhibits an intensive 
net of irrational spots (extra-reflections) along with 
the diffraction pattern from the (lll)-orieniaied 
single-crystalline Si. The presence of streaks and 
the" lack of any sians of Kikuchi-paitcrn is also 
typical confirming a high degree of the residual 
disordering. . 

In accordance with the analysis, performed in 
Ref. (7), the set of extra-reflections observed can 
be separated into two groups (Figure 5): 

1) Extra-reflcctions caused by a second-order 
twinning in all possible 'Jl I }-planes inclined to the 
sample "surface. The model of a secend-order 
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thinned structure suggests that the secondary 
wins are arranged both al "downward-pointing 
and "upward-pointing" fill} faces of the primary 
twins in the Ino hexagonal modelt. 18 The matrix 
of this structure has one of the {lll}-pianes 
parallel to the sample surface. 

2) Extra-reflections caused by the diffraction at 
the boundaries of a double "positioning". The 
double positioning boundaries result from the 
twinning along the (ill)-planes parallel to the 
sample surface. 

The twin material distribution was studied by 
the dark-field patterns formed within the matrix 
and twin reflections. Together with the TED data 
this allowed the grained contrast observed to 
be identified as the aggregates of the first- and 
second-order microtwin plates, lying in all possible 
{111 J -planes. The aggregates under consideration 
have no strict crystallographic faces. A certain 
disorientation from the real position of the micro- 
twin blocks which is manifested in the TED- 
pattems as the radial lengthening of reflections ; 
(Figure 3b) and the presence of a low concentration 
of the polycrystalline material should be noted. 

The layers lying immediately behind the region . 
of the maximum residual disordering (at a depth 
of 3000 to 5000 A) have a more perfect structure. 
This is indicated by the appearance of Kikuchi- 
patterns and the the absence of any additional 
reflections in the electron diffraction patterns. 
The TEM investigations have shown that only 
perfect dislocation loops of irregular form with a 
size of 1000 to 3000 A mainly of interstitial type 
are observed at depth in question. 

In the case of 60-keV Ar* ion implantation, 
(OOl)-orientated samples were also used. The 
(Ul)-orientation results coincide basically with 
those obtained for the 200 kcV energy, i.e. after 
800 5 C annealing of the samples, implanted with a 
dose of 10 15 ions/cm\ a second-order twinning is 
observed in the bombarded layers. Microtwin 
layer conjugates with the matrix through a layer 
of dislocation loops of irregular form. The pro- 
cesses under consideration are developed at a 
considerably lower depth from the bombarded 
surface which is naturally associated with the 
implantation energy decrease. Annealing of the 



t Under Necond-ordcr twinning the relation between the win 
and the main* rather than lho*c between the twin* ihamjtevci 



is meant.' 




FICUR £ * Transmission electron micrograph <*) and JHP' 
eaucrn (M for the (001)-orieouted Si samples bombarded wiir. 
Ar'lont ; (5 x 10" ioW. 60 keV) «for S00«C anneal.n? 
for 30 mi", 

(OOl)-oricntaied samples, implanted with a dose 
of 1 x 10 t5 ions/cm 5 does not result in the Htt 
formation. A high density of the intcrsottai- 
type dislocation loops is observed. Microiwinnmg 
appears at a dose of 5 x 10 13 ions/cm 2 . At least 
second-order twinning is observed in this case as 
in the case of the (lll)-orientation, which is con- 
firmed by the TED-pattern (Figure 4b). The tj«j 
material density is considerably lower than t»t 
in the case of the (11 l)-orienled samples. This 
allows the interstitial dislocation loops 10 w 



simultaneously 
ordered layers * 
(Figure 4a). 
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simultaneously resolved both in the highly dis- 
ordered layers and in the layers lying behind them 
(Figure 4a). 



12 forts 

Implantation of 60 keV Si* ions was performed at 
20°C into the (111)- and (OOl)-oriented samples in 
the dose range from 9.6 x 10 13 to 2.4 x I0 io 

ions/cm 2 . , . „ . 

The BS spectra in Figure 5a show the radiation 
damage accumulation kinetics with the implanted 
ion dose rise. It is evident that the mam part or 
damage takes place at a certain depth, forming 
a peak in the BS spectra. The peak height rises with 
dose, while its width remains practically unchanged 
until* amorphisation in the corresponding region 
of crystal is attained. Later on the amorphous 
laver expansion occurs, i.e. the same situation as 
that in the case of argon ion implantation is 

° b Along with the principle damage peak the surface 
peak is formed. At a low dose its height is com- 
parable to that of the principle peak. Later on, 
however, the principle peak grows more rapidly 
while the surface peak achieves its saturation 
value and merges with the principle one. Although 
separation of the both peaks is limited by the 
detector limit resolution, nevertheless in the region 
of the 192 to 194 channels a step can be still dis- 
tinguished. The step height changes negligibly with 
dose variation in the interval 2.4 x 10 to 
3.8 x 10 U ions/cm 2 . 

It should be noted that the defect accumulation 
kinetics and the thicknesses of the amorphous, 
iayers. corresponding to identical doses, are analo- 
gous for the (111)- and (OOl)-orientations of the 
sample. At the same time annealing of the samples 
implanted with a dose of 2.8 x 1Q 15 ions/cm 2 m 
the (111) case as compared to the (OOl)-onentation 
results in the formation of the lattice residual 
disorder considerably higher by magnitude and 
spatial inhomogeneity (Figure 5b). The BS spec- 
trum for the (OOl)-oriented Si sample implanted 
with a dose of 2.4 x 10 15 ions/cm 2 and annealed 
is observed slightly above the spectrum from the 
initial sample. 

The character of this large residual damage ror 
the (tll)-oriented samples is caused as in the 
previous cases, by the twinning in the near-surface 
layers. This is confirmed by the TED-pattern 
obtained from the Si samples implanted with a 
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FIGURE 5 BS spectra of He* ions Trom the < 11 i>-orientated 
Si samples obtained: (a) after SP ion implantation with an 
energy of 60 keV. Implantation doses: (I) 9.6* » • W 
1.9 x I0'\(3)2 4 x I0«*;(4)3,S * 10 14 ; (» W' : «> 
2 4, x 10 1 * ions/cm* ; (b) after implantation and 800 C anneal- 
ing for 30 min. The diagram of the depth distribution for the 
types of defeets is also presented f£ tu . « 1-4 MeV). 
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do3e of 2.4 x 10 15 ions/cm* and annealed (Figure 
7b). The TED-pattern under consideration essen- 
tially differs from those observed previously 
(Ar* ions) by the lack of the extra-reflections 
caused by the second-order microtwins. This 
indicates a predominantly simple first-order twin- 
ning in the recrystallized layers. At depths corres- 
ponding to the decay at the defect profile ( ~ 800 A ; 
Figure 5b) the microtwin density rapidly falls down 
with the removal from the sample surface. It is 
typical that the rate of their density decrease with 
increasing depth is considerably higher for micro- 
twins lying in the {Tll}-planes inclined to the 
sample surface. This results in that at depths above 
1200 A along with the high concentration of inter- 
stitial loops of irregular form only the sample- 
surface parallel microtwins are observed. Their 
density continues to fall down with the increasing 
depth. At a depth of about 1800 A only dislocation 
loops are observed. The diagram of the defect type 
depth distribution is presented in Figure 5b 
together with the BS spectra. 

A considerably lower residual damage in the 
case of the (OOl)-oriented samples is related to the 
presence of the highly concentrated dislocation 
loops in the recrystallized layers. Both complete 
and partial hexagonal Frank loops, lying in all 
possible {lll}-planes are observed. The analysis 
of the loop nature indicates that all of them are of 
the interstitial type. 

3 J Pylons 

Implantation of P* ions was perfomed into the 
(U l)-oriented Si samples with energies of 35 and 
200 keV. The implantation temperatures at an 
energy of 35 keV was 20 6 C and that at an energy of 
200 keV was - 196°, 20° and 200°C. 

The BS spectra presented in Figure 6a indicate 
temperature dependence of the depth disorder of 
the Si single-crystals bombarded with P* ions 
to a dose of 5 x i0 :5 ions/cm*. The formation of 
amorphous layers near the sample surface occurs 
at implantation temperatures of — I96 c and 20*C. 
At 2G0*C a considerably lower disordering of the 
sample crystalline structure is insufficient for its 
amorphisation to be observed. The main effect of 
implantation temperature upon the character and 
magnitude of the primary disorder is clearly re- 
vealed after annealing of the implanted samples. 
The maximum residual disorder is observed at an 
implantation temperature of -196° and con- 
centrated within a thin layer (as compared to the 
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FIGURE 6 BS spectra of He* ions from the (1 U)-orientcd 
Si samples obtained: (a) after P* ion implantation (I x I0 1 
ions/cm 1 , 200 keV). The implantation temperatures: (0 
-196'C; (2) 20«C; (3) 200°C Spectrum 4 corresponds to (he 
implantation at 35 keV with I * 10 14 ions/cm 2 M 20°C; 



(b) after implantation and 800*C annealing for 30 
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FIGURE 7 Transmission electron micrograph (a) for the 
(I ll)-oricntatcd S» samples bombarded with P 4 ions at 200 keV 
*ith ! x I0 15 ions/cm J at 20*C. and annealed at 8U0*C for 
30 min; (b) typical TED-pattern from the samples containing 
HIS for the cue* of Si* and P* ion implantation. 



* amorphous layer) lying immediately near the 

* sample surface (Figure 6b). The increase in 
I implantation temperature up to 20 C C results in the 
| decrease both of the height and width of the 
|. residual disorder peak. At 200 C C the peak of the 

defects localized near the sample surface practi- 
cally coincides with the original single-crystal peak. 
Annealing of the samples, amorphized by implanta- 
tion of the 3S-keV P 4 ions at 20*C also leads to the 



formation of a negligible residual disorder 
(spectrum 4, Figure 6b). 

The studies performed by TEM technique show 
that a small residual disorder in the cases of 
implantation of + ions with an energy of 200 keV 
at 200°C and with an energy of 35 keV at 20°C is 
due to the presence of highly-concentrated dis- 
location loops near the sample surface. 

The increase in the BS yield for implantation 
temperatures of -196°C and 20*C is associated 
with the formation of micro twins near the sample 
surface. Primary mjcrotwins as indicated by the 
TED-patterns in Figure 7b are mainly similar to 
those seen in the case of Si 4 ion implantation. At 
the same time the lowest degree (as compared to 
the HIS considered above) of the recrystallized 
layer structure splitting is observed. Individual 
large microtwin lamellae, lying in the extended 
matrix regions, are well resolved in the TEM- 
pattcrn (Figure 7a). As previously, at a certain 
depth the mjcrotwin density begins to decrease and 
at a depth exceeding the range of the surface peak 
the interstitial dislocation loops become the dom- 
inant type of defects. 



4 DISCUSSION AND CONCLUSION 

The analysis of the above results indicates that 
two factors considerably influence the magnitude 
of the residual disorder in the recrystallized layers. 
On the one hand it is the chemical nature of the 
implanted impurity. On ihe other hand it is the 
inhomogeneity of the radiation damage spatial 
distribution. 

The results on Ar* ion implantation serve as a 
strong evidence to the first. The blistering effect 
caused by the inertness of the impurity to be 
implanted is responsible for the intense micro- 
twinning in the recrystallized layers in this case. 
The bubble nuclei seem to be already formed 
during implantation. Poly vacancy clusters-V-V- 
centers 21 may be, for instance, nucleation centers. 
Upon annealing the nuclei are growing due to Ar 
atoms migrating towards them. Recrystallization 
of the gas bubbles is accompanied by the increase in 
their internal pressure which leads to the onset of 
strong local internal stresses. The latter on reaching 
some critical value induces plastic deformation of 
rccrystallising layer microvolumes in the multiple 
twinning mechanism. The high value and locality 
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of the internal stresses fields determine both a small 
size of the microcwins and a stronger splitting of 
the structure. It should be mentioned that the 
chemical nature factor in the case of HIS formation 
can be produced not only by the blistering effect. 
The onset of the internal stresses during recrystal- 
lization may be caused by the precipitation of the 
second phase particles, for instance, SiO,. SiC> 
Si r N/ 2 in the case of 0\ C*. N* ion implanta- 
tion. A large concentration of impurities may also 
be contained in the vacuum-deposited amorphous 
Si layers originating from the residual gases in the 
vacuum systems. 23 Annealing of such layers at 
temperatures above 900°C results in the formation 
of a noticeable concentration of the SiC-phase. 
Therefore it is not surprising that in the recrystal- 
lized Si layers, obtained by Ar + ion implantation 
and vacuum deposition, identical multiply twinned 
structures are formed as it was observed in Ref. (7). 
HIS formation seems to be also expected upon 
precipitation of slightly soluble impurity particles, 
as pointed out in Ref. (24) in the case of Sb* ion 
implantation. 

A somewhat different situation arises upon Si* 
ion implantation since the influence of the chemical 
nature of the implanted impurity is excluded. The 
similarity of many crystallographic peculiarities of 
HIS for al! types of ions under consideration 
indicates that in this case as well the origin of 
microtwinning should be looked for in the internal 
stresses. 

The BS spectra for Ar*- and Si*-ion implanted 
samples (Figure la, 5a) indicate a strong spatial 
inhomogeneity of the structure disorder. In the 
first approximation it is associated with the in- 
homogeneous distribution of specific elastic energy 
loss of ions. Another important feature is the 
defect migration from the maximum elastic energy 
loss region as well as their annealing during 
implantation. From this viewpoint the formation of 
the surface defect peak together with the inner one 
can be well explained, as being established earlier 
for light tons/ 5 A stimulating influence upon the 
migration processes is produced by the proximity of 
the surface and by the excitation and ionisation 
effects in the near surface region. 26 

The inhomogeneity of the radiation damage 
spatial distribution should be responsible for the 
spatial inhomogeneity cf the amorphous layer. 
This fact in the absence of the chemical nature 
factor determines the anomalies of the structure 
state in the recrystallized layers. The inhomo- 
geneity in character of the disorder in the amor- 



phous layers produces the inhomogeneous internal 
stresses parallel to the sample surface. Their 
relaxation is achieved through twinning in the 
recrystallized layers. It should be mentioned that 
normal components caused by the swelling of the 
amorphous layer should also exist in the system of 
the internal stresses. At the same time it is the 
tangential stresses which basically dominate the 
recrystallization character. This is confirmed by 
the anistropy of the HIS formation effect. The lack 
of twinning if the (OOI)-oriented crystals under 
identical, conditions of implantation and annealing 
is due to the lack of the (lll)rplane of readily 
achieved twinning parallel to the sample surface. 
Thus, relaxation of the tangential constituents of 
the internal stresses by means of twinning is 
considerably cumbersome. 

In the case of Ar* ion implantation the effect of 
the inhomogeneity is not excluded (especially in 
the case of the 200-keV implantation) as well. A 
considerably higher degree of the structure splitting, 
however, indicates that the factor of the chemical 
nature is dominant. The anistropy effect discovered 
in this case as well indicates an important role of 
orientation of the {lll}-plane system of twinning 
about the sample surface in the amorphous layer 
recrystallization processes. 

White studying the P* ion implantation results 
the following should be taken into account. The 
HIS formation in the case of the 200-keV implanta- 
tion is due to the inhomogeneity of the structure 
disorder since phosphorus is a doping impurity 
readily soluble in Si. Twinning is not observed at 
a low (35 keV) ion energy. This is associated with 
the formation of the defect layer immediately near 
surface, that considerably cuts down the inhomo- 
geneity of the structure spatial disorder. A tem- 
perature rise during implantation can eliminate the 
effects of HIS formation during annealing. The 
latter is primarily due to that the implanted layers 
were not amorphized. 

On the other hand, upon phosphorus atom 
incorporation into interstitial sites during anneal- 
ing, incomplete relaxation of comprehensive 
stresses, since the tetrahedral covalent radius for 
phosphorus atoms is smaller than that for silicon 
atoms. This fact can, to some extent, account for 
the stimulating effect of the implanted phosphorus 
on the epitaxial recrystallization processes, ob^ 
served in Ref. (27), as well as the lowest degree of 
the material crushing when microtwinning takes 
place in our experiments of phosphorus ion 
implantation. 
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